By integrating phasic coronary sinus flow curves in such a way that volume flow during systole plus isometric contraction and that during the remainder of diastole can be compared, the relative contribution of ventricular compression and coronary resistance to mean coronary flow can be assessed. It was found that anoxia, adenylic acid, compression of the aorta or pulmonary artery reduces coronary vascular resistance while epinephrine increases it. The augmentation in coronary mean flow following epinephrine is due solely to the greater force of ventricular contractions. On the basis of such evidence a revival of the "massaging theory" in modified form is suggested. Evidence was incidentally obtained which supports a former conclusion that the coronary sinus drains territories supplied by the right as well as the left coronary artery.
By integrating phasic coronary sinus flow curves in such a way that volume flow during systole plus isometric contraction and that during the remainder of diastole can be compared, the relative contribution of ventricular compression and coronary resistance to mean coronary flow can be assessed. It was found that anoxia, adenylic acid, compression of the aorta or pulmonary artery reduces coronary vascular resistance while epinephrine increases it. The augmentation in coronary mean flow following epinephrine is due solely to the greater force of ventricular contractions. On the basis of such evidence a revival of the "massaging theory" in modified form is suggested. Evidence was incidentally obtained which supports a former conclusion that the coronary sinus drains territories supplied by the right as well as the left coronary artery. P ROBABLY the greatest obstacle to identifying direct vasomotor effects of drugs and nerves on the coronary vessels has been the difficulty of separating them from simultaneously induced extravascular compression effects. Experiments purporting to demonstrate that changes in rate and force of contraction have negligible effects on coronary flow can no longer be regarded valid; attempts to control the heart-beat have been only partially successful. Several attempts 1 ' 2 ' 3 have been made to estimate vasomotor actions, per se, by determining instantaneous pressure/ flow relations at the end of ventricular diastole. As pointed out by Gregg 4 the validity of such a criterion rests on the assumptions that instantaneous rates of coronary inflow taken at the inception of diastole represent flow through the myocardium, and that rate of flow is linear with respect to pressure when the latter changes. Green and his associates 6 have found that such linearity does not obtain in the vascular bed of the dog's leg. Studies of mean P / F relations such as those recently reported by Osher, 6 while of interest in other connections, unfortunately have no bearing on the problem of vasomotor changes, since flow studies were made on the beating heart.
The possibility suggested itself that evidence of directional changes in vasomotor activity might be derived from a study of the diastolic changes in coronary sinus outflow. Records of phasic changes in coronary inflow and outflow reported by Anrep and associates 7 and by Johnson and Wiggers 8 indicate that, while the intramural coronary bed fills chiefly during early diastole, it empties predominantly during systole; but a late diastolic period exists when venous flow is determined by vis a tergo of arterial pressure.
In experiments with Johnson 8 in 1936 some observations on coronary outflow were not reported, because, at the time, it seemed that coronary sinus outflow studies were vitiated by a highly variable magnitude and direction of flow through communicating Thebesian vessels. Having convinced ourselves, in agreement with Gregg and his associates, that such a Thebesian shunt is of no importance in the naturally beating heart, 9 an analysis of the phasic coronary sinus flow assumes greater significance than we formerly believed.
This communication consists of an analysis of phasic coronary sinus flow curves with the idea of testing whether it is possible to differentiate the relative shares that myocardial contraction and vasomotor action may have in determining coronary flow during several experimental procedures and following use of a few chemicals and drugs. Evidence was also obtained that agents which increase the force of ventricular contraction do not throttle coronary flow but actually promote it.
APPARATUS AND PROCEDURE
All studies were made on clogs anesthetized with morphine and sodium amytal. Pressures from the aorta and right ventricle were recorded by calibrated Wiggers' optical manometers. Phasic changes in coronary sinus flow were registered by a differential manometer placed in a circuit which shunted the coronary sinus flow into the superior vena cava, as previously described. 8 Owing to the length of the connection between the coronary sinus and differential manometer a delay in response relative to the pressure [Dulses occurred. The lag was determined in each experiment and appropriate correcitions were made, as shown in the illustrations. An mportant technical feature consisted in securely tying a cannula with a short lip into the mouth of the coronary sinus, thus avoiding occlusion of major draining veins which empty near the sinus orifice (see also Goodale and colleagues 10 ). Figure 1 represents a typical record of phasic coronary sinus flow related to aortic and right ventricular pressures. Corresponding points on these curves, corrected for lag of the differential manometer, are indicated by letters A, C, and X.
ANALYSIS OF PHASIC FLOW RECORDS
As indicated in this record, the phasic coronary sinus flow curve contains only a single positive wave. Other minor waves described by Anrep and colleagues 7 were probably artefacts caused by a pull of the atrium or descending ventricular base on the Morawitz cannula employed in their experiments. Coronary flow accelerates during ventricular systole (A-C), reaching a maximum at the end of systole (C). Flow decelerates rapidly during isometric relaxation (C-D) and either diminishes more slowly during the remainder of diastole (D-E) as in this case, or it remains constant as shown in some of the other illustrations. Figure 1 is also introduced to illustrate the method of analysis employed. It must be remembered that such records actually represent differential up-and downstream pressures, convertible to rate of flow by calibration at the termination of an experiment. As is well known and illustrated by the calibration scale on the left hand side of figure 1, rates of flow are not recorded in linear fashion; the higher the rate of flow the greater the deflection per unit rate of flow. However, by applying a calibration scale one can determine the momentary rate of flow at any instant. For example, in this record the rate of coronary sinus outflow ranges from 16 cc. per minute at A to 304 cc. per minute at the summit C. Unfortunately, the variable slope of the records between D and 
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E in different experiments does not enable one to choose any instantaneous flow rate in early diastole for comparison with the corresponding instantaneous pressure in the aorta.
It is possible, however, to integrate such curves and compare changes in flow during the interval (D-E), that is, after isometric relaxation has terminated and extravascular tension due to muscular contraction has been abrogated. While not strictly accurate, this will be referred to tersely as diastolic flow.
Since the customary method of integrating such curves involves considerable labor, another procedure was developed in our laboratory which has been found fully as reliable.
(For previous application see Mixter 11 ). The procedure, illustrated in the first beat of figure 1, involves the following steps: (1) Sections A-C, C-D, and D-E are marked off and the curve with its calibration scale is enlarged 4 or 5 times. (2) On this enlargement the nonlinear, calibration curve is mathematically subdivided. (3) Perpendiculars are drawn at 10 or 20 msec, intervals, as shown, and the instantaneous rates of flow at each of these moments is measured from the zero flow level. The sum of these during any interval, say D-A, divided by the number of readings, gives the average rate of flow per minute during the interval. (4) The volume flow during a period, say D-E, is obtained by multiplying the average rate of flow per minute by the duration of the phase in seconds. Obviously, the volume flow per beat can be obtained by adding these partial flows during the entire cycle (for example, A-A) and the total blood flow per minute can be derived by multiplying it by heart rate. The computed volume flows during the various phases of the cardiac cycle, during a complete cardiac cycle, and per minute are inscribed on the second beat of figure 1. These numbers indicate that, in this experiment, approximately 45 per cent of the cyclic blood flow was expelled from the coronary sinus during ventricular systole (A-C). However, since the degrading ventricular pressure during subsequent isometric relaxation (C-D) continues to squeeze blood out of the myocardium, and since this force was developed by the preceding ventricular contraction, it seems appropriate to add the venous flow during this period in estimating the extent to which myocardial veins are emptied by the force of the heart beat. Doing this it is found that almost 78 per cent of the cyclic volume flow is expelled during ventricular ejection plus isometric relaxation (interval A-D) and only 22 per cent by vis a tergo of arterial pressure during the remainder of diastole (D-E).
RESULTS
Arrhythmia. The manner in which cardiac arrhythmia affects coronary flow, and the error which creeps into interpretations of mean flow when a drug causes irregular beats, are incidentally illustrated in figure 1 . A premature contraction of right ventricular origin is shown at X. It is obvious at a glance that the flow is less during the premature beat and greater during the compensatory beat that follows. Calculations of the volume flow during the premature contraction, compensatory period, and the posteompensatory beat (X-Y) indicate a flow of 1.677 cc. which contrasts with a flow of 2.364 cc. for two normal beats, or a deficit of 0.0687 cc. If this occurred continually, as in bigeminal rhythm, this would amount to a reduction of flow by about 27 cc. per minute at a heart rate of SO per minute, or a 30 per cent decrease in the normal flow. This deleterious effect of arrhythmia on ventricular blood flow has not been generally appreciated. The corollary follows that any remedial agent which abolishes or diminishes ventricular irregularity acts mechanically to improve coronary blood flow.
Effect of Coronary Vasodilators. In order to determine whether active vasomotion induces characteristic changes in partitioned coronary flow, several reputed coronary vasodilator agents were tested. No attempt was made to interfere with coincident hemodynamic changes. Figure 2 illustrates the changes induced by the most powerful coronary vasodilator known, anoxia. To the left are control records; to the right, changes following breathing a mixture In the first cycles of the control curve the systolic flow was 0.466 cc. and in the second cycle the flow during systole plus isometric contraction 0.52 cc. During anoxia the latter increased to 1.047 cc. In other words, 63 per cent of the greater outflow per minute took place during systolic plus isometric relaxation. However, diastolic flow following isometric relaxation also more than doubled (0.21 < 0.50 cc).
A noxia
It is possible to determine whether coronary vasodilation contributes to the greater diastolic flow by calculation of mean aortic pressure/mean flow during this interval P d m/Fdm-Mean aortic pressure during this diastolic interval (D-E) was S4 mm. Hg during the control period and 101 mm. Hg during anoxia. The flows during these respective diastolic intervals were 0.21 cc. and 0.50 cc. respectively. By direct calculation the resistance decreased from 400 to 202 arbitrary units. In other words anoxia does dilate the coronary vessels but the more forceful beat per se is far more effective in enhancing coronary flow. Figure 3 shows segments of a control record and effects following intravenous injection of 10 mg. adenylic acid. As shown in curves on the right, this drug induces a marked decline of aortic pressures, a slight elevation of right ventricular systolic pressure, and cardiac slowing. The latter prolonged the diastolic period following isometric relaxation from 0.12 to 0.22 second. Despite the great decline of arterial pressure, coronary sinus flow increased from 44.7 to 60.8 cc. per minute, or approximately 35 per cent. The numerals marked on the record indicate that while over 82 per cent of the increase in coronary sinus flow takes place during systole and isometric relaxation, that is, through the squeezing action of the myocardium, the smaller diastolic flow also rises from 0.048 to 0.080 cc. per second. In order to determine whether this increase is wholly due to the prolongation of this period, the change in resistance units was calculated as before and found to be diminished from 2000 to 700.
Adenylic Acid
Or if the calculations after drug action are limited to an equivalent diastolic period of 0.125 second, a reduction to 1260 arbitrary units is still obtained. There can be no doubt that coronary vascular dilatation becomes obvious in the diastolic part of flow curves.
Epinephrine Figure 4 shows the effect of a very small dose of epinephrine during a period when the cycle lengths were the same as during the con-trol period. Right ventricular pressure rose typically. Calculations reveal that the coronary flow increased from 107 to 148.6 cc. per minute. Calculations of partitioned flow marked on the records show that the increase resulted wholly from an augmented flow during systole plus isometric relaxation; diastolic flow was reduced from 0.197 cc. to 0.166 cc. despite the higher aortic mean pressure during this period. It requires no calculation to reach the conclusion that epinephrine in small doses increases coronary vascular resistance, and that the over-all increase in flow is due to intensified contractions.
EFFECT OF AORTIC COMPRESSION
It seems unlikely, a priori, that elevation of left ventricular pressure induced by epinephrine, produced the changes in resistance. To exclude this possibility, the effect of mechanical compression of the aorta was analyzed. Figure 5 illustrates an experiment in which aortic pressure and presumably left ventricular systolic pressure were increased, but right ventricular systolic pressure declined a little. A slight cardiac slowing, reflex in origin, took place. This prolonged the diastolic interval from 0.20 to 0.32 second. Data inscribed on the control curve (right) and on that taken during hypertension (left) reveal that coronary sinus flow per minute more than doubled with the rise in pressure. In contrast with effects produced by epinephrine, diastolic flow increased fivefold, whereas systolic flow only doubled. Calculations of resistance indicate a reduction during the diastolic phases from 1800 to 544 arbitrary units during diastole or to 646 arbitrary units when diastolic periods of equivalent length are compared. There seems no question that an adaptive reduction in resistance-not an increase as in the case of epinephrineoccurs. Whether this is due to passive stretching of vessels by higher mean diastolic pressure or through local vasorelaxation by release of metabolites, as Gregg 4 has postulated, cannot be determined. It may be noted incidentally that these effects on diastolic flow, as also on the dominant increase in systolic flow, take place when right ventricular systolic pressure was actually reduced. This would accord with a current view that coronary sinus flow is largely derived from the left ventricular myocardium.
EFFECT OF PULMONARY ARTERY COMPRESSION
Despite the immediately foregoing conclusion, evidence is unified that a similar increase in coronary flow follows pulmonary arterial compression, even if this be of such a degree that aortic pressure falls somewhat. The interpretations of this effect have varied. 4 ' 8>9 It therefore seemed desirable to analyze aortic pressure and phasic coronary sinus flow curves according to the foregoing method after mild pulmonary artery compression. Figure 6 shows four sets of records illustrating control curves (A), those following two stages of pulmonary artery compression (B, C), and those obtained subsequent to release of compression (D). The experiment was selected for analysis because, with the degrees of pulmonary constriction used, aortic pressures and cardiac cycles remained constant, thus eliminating two variables.
The results are conveniently summarized in table 1. Flow per minute shows the typical increase during pulmonary artery compression, but undergoes a striking additional augmentation after release of this compression. Data for partitioned systolic and diastolic flows reveal that, contrary to effects following aortic compression, enhancements in diastolic flow account respectively for 69, 53 and 56 per cent of the cyclic increases during and after pulmonary artery compression. Some mechanism other than mechanical systole is obviously responsible for the greater coronary flow per minute.
DISCUSSION
The significance of the data is advisedly discussed in reverse order of presentation. If possible, we should first establish the myocardial territories drained by the coronary sinus. Geller, Brandfonbrenner, and Wiggers 9 recently concluded from mean coronary sinus flow measurements that it appeared improbable that diversion of right ventricular blood via thebesians to the coronary sinus accounted for the greater coronary sinus flow following greater force of right ventricular contraction. The present analysis of phasic flow changes supports this deduction because the dominant increase in flow takes place during diastole, not during systole, as would be required by the theory of Johnson and Wiggers. 8 However, current data continue to question the interpretation of Gregg and Shipley 12 that the additional coronary sinus flow is derived entirely from branches of the left coronary arteries that lap over into the right ventricle. It is difficult to believe, on the basis of anatomic studies, that these are adequate in number and size to increase mean coronary flow 15 per cent 9 or more and reduce vascular resistance 30 to 50 per cent during diastole as shown in the data of table 1. The alternate interpretation that coronary sinus flow is also derived, and to a considerable extent, from the right coronary system, is supported by the observations that it is augmented by increased activity of either the right or left ventricle (cf. figs. 5 & 6). The validity of studies on left ventricular dynamics and metabolism, based on flow measurements or blood analyses which depend on coronary sinus catheterization, remains to be established.
The ratio of integrated diastolic mean pressure and diastolic flow following isometric relaxation appears to offer a valid index of intrinsic changes in coronary vascular resistance induced by drugs or nerve action. Anoxia and adenylic acid reduce, and epinephrine increases, resistance. The latter is contrary to much experimental evidence but consistent with observations on perfused quiescent hearts, and perfused beating hearts' 4 ' 15 previous to cardiac stimulation. However, the conversion of the net effect to one of increased flow by more forceful contraction shows how basic changes in vascular resistance are easily missed by using mean flows (see Gregg 4 p. 138) or correlation methods. 15 However, we must be cautious in imputing changes in resistance to active vasomotion. Authors have, perhaps, been too eager to hypotheticate undemonstrated metabolic agents as causes for vasomotor changes. At the present time they constitute convenient, but unproven explanations. It is not inconceivable, for example, that the reduction in diastolic resistance observed after aortic or pulmonary artery compression could ensue from passive dilation of intramural arterioles under higher aortic pressure or from a more complete emptying of capillaries and veins by more forceful contractions, which would reduce the vis a fronte.
The data presented further indicate that regardless of whether vascular resistance to coronary flow basically increases or decreases, the contractile force of the heart appears to be the chief factor that determines volume flow. It is important to recall that the arterial side of the coronary bed fills chiefly during diastole, whereas the venous side empties chiefly during systole. 7 ' 8 Incidentally the brief sojourn of blood within myocardial vessels during each heart cycle is perhaps responsible for the more complete extraction of its oxygen and exchange of nutrients for waste products. In recent years experimental evidence has favored the concept that increase in the force of ventricular contraction tends to throttle coronary flow. 16 Nevertheless abundant evidence has accrued 4 that mechanisms exist which counteract such an improvident arrangement. Without minimizing possible effects of dilator metabolites-which may well be concerned in the case of pulmonary artery compression-the importance of a better systolic evacuation of venous blood needs to be reemphasized. In short, the supposedly discredited massaging theory must be revived in a slightly altered version! The volume of blood that can enter intramural vessels during diastole must depend to some extent on the degree to which they are emptied during preceding systole. The quantity of venous blood evacuated from the intramural vessels in turn depends on the volume they contain at the end of diastole and the completeness with which they are emptied during systolic compression. Augmentation of aortic pressure and/or arteriolar dilatation cause more complete diastolic filling; hence application of the same or even less external pressure ( fig. 3 ) results in augmented systolic venous flow, but a coincident increase in external pressure acts even more effectively. However, increased external compression could facilitate coronary flow without changes in the arterial pressure or the state of tonic vascular constriction. Greater depletion of intramural vessels during systole alone would reduce the vis a fronte and create more space for inflowing blood. SUMMARY Further evidence is presented for a previous conclusion that territories supplied by the right as well as the left coronary arteries drain into the coronary sinus. This unfortunately limits studies of cardiac dynamics and metabolism based on coronary sinus catheterization.
Assuming, however, that the same territories are drained under different experimental conditions, it is possible to assess the extent to which changes in mean coronary sinus flow are determined by altered force of ventricular contraction and by simultaneous variations in coronary vascular resistance. Such evaluation can be accomplished by integrating phasic flow curves recorded from the coronary sinus in such a way that the volume flow during systole plus isometric relaxation and that during the remainder of diastole can be compared.
When arterial pressures alter, changes in vascular resistance can be detected by integrating aortic pressure curves during corresponding diastolic intervals and comparing ratios of mean diastolic pressure and mean diastolic coronary flow.
Using such procedures it was fonud that coronary vascular resistance decreases during general anoxia, after injection of adenylic acid and following compression of the aorta or pulmonary artery, but that it increases after injection of small doses of epinephrine. The data indicate further that whenever changes in vascular resistance are induced, they generally affect coronary flow less than the attendant changes in ventricular contraction.
Evidence presented indicates that in the natural circulation the net effect of ventricular compression is not to throttle coronary flow but to improve it. It is explained how a massaging action could account for these observations.
